An isothermal reactor in which reaction solutions can be controlled at constant temperature under constant microwave irradiation was developed. This is useful for investigating microwave effects on chemical reactions that are not observed under conventional heating conditions. We devised a structure in which a heat-transfer medium with a low dielectric loss factor, which hardly absorbs any microwaves, flowed outside a spiral reaction tube and designed the basic structure of the reactor using electromagnetic simulation to optimize the energy absorption rate. The conditions for increasing the temperature controlling ability of the reactor were also investigated theoretically and experimentally by taking into consideration the influences of three elements: the velocity of the internal fluid, the material for the tube, and the velocity of the external fluid. The velocity of the external fluid had the greatest influence on temperature controlling ability and the material for the tube had the least influence under the experimental conditions. The overall heat transfer coefficient was about 3.9×10 2 W/(m 2 ·K) when water flowed through the quartz reaction tube at 7.1 mm/s and the external fluid flowed outside the tube at 44 mm/s. We also tested and confirmed that the temperature of water used as internal fluid could be controlled to within ±1.5 K at 309.3 K when microwaves at 26 W were irradiated into the reactor, whereas the temperature of water was over 373 K and boiled without the heat-transfer medium flowing outside the reaction tube using a conventional method of microwave heating. In addition, we investigated microwave effects on Suzuki-Miyaura coupling reaction using the developed isothermal reactor and we confirmed that the temperatures were controlled well in the reactor. The yields obtained by microwave heating were almost the same as that obtained by oil-bath heating.
Introduction
Chemical reaction processes using microwaves have attracted a great deal of attention. Numerous effects caused by microwaves in organic synthesis have been reported (1) , (2) , e.g., reduced chemical reaction times from hours to minutes, reduced side reactions, and improved selectivity. Chemical-synthetic procedures using microwaves are expected to conserve energy, decrease the burden imposed on the environment, and simplify reaction processes. However, the exact mechanism by which microwaves enhance chemical processes is still unknown. It has been particularly controversial whether there is a non-thermal effect that is not explained merely by a thermal effect.
For example, Sun et al. (3) reported that the rate of hydrolysis of adenosine triphosphate (ATP) is 25 times faster under microwave irradiation than with conventional heating at comparable temperatures. The next year, however, Jahngen (4) , who was one of the authors, conducted the same experiments and concluded that the rate of hydrolysis solely depends on the temperature and not on the method of heating. Mayo et al. (5) conducted ring-closing metathesis reactions using microwaves and reported that microwaves accelerated the reaction. However, after that, Garbacia et al. (6) conducted the same reaction both by microwave heating and conventional oil-bath heating and reported that they did not find any evidence for a significant non-thermal microwave effect.
Herrero et al. (7) reevaluated four reactions in which previous studies had claimed the existence of non-thermal effects under microwave heating, and they found no evidence for the existence of non-thermal microwave effects. In the previous studies, the temperatures of reaction solutions were measured with infrared sensors, but Herrero et al. measured temperatures at three points in a reaction tube by using fiber-optic probes that could accurately measure the temperatures of the reaction solution without being influenced by microwave irradiation. They reported that the temperatures measured with the fiber-optic probes were higher than those measured with the infrared sensors and that temperature gradients were formed within the reaction solution. They pointed out that the non-thermal effects observed in the previous studies might be the result of inaccurate measurements of temperature using external infrared sensors. A major reason for the difficulties with probing microwave effects, especially non-thermal effects, is the difficulty of controlling reaction solutions at a constant temperature under constant microwave irradiation in conventional microwave-assisted chemical reactors. The reaction solution temperature rises while the reaction solution absorbs microwaves, making it difficult to compare the outcomes obtained by microwave heating to those obtained by conventional oil-bath heating at the same temperature.
Therefore, the objective of this study was to develop an isothermal reactor in which the reaction solution could be controlled at a constant temperature under constant microwave irradiation to enable microwave-specific effects to be investigated that were not observed under conventional heating conditions, especially the existence of non-thermal microwave effects. We previously developed a continuous flow microwave-assisted chemical reaction system in which the reaction solution could be heated by microwaves while it flowed through a reaction tube (8) . A new function by which the reaction solution could be controlled at a constant temperature was added to the system in this study. Figure 1 outlines the procedure we used. First, we designed the basic structure of the reactor using electromagnetic simulation to optimize the energy absorption rate. Next, we estimated the temperature controlling ability of the reactor by calculating heat transfer and simulating the electromagnetic conditions. Next, we theoretically investigated the conditions for increasing temperature control. Finally, we experimentally tested the temperature control of the reactor. Figure 2 has a photograph (top) and a schematic (bottom) of the basic structure of the apparatus. It consists of a microwave generator that generates microwaves at 2.45 GHz (Hitachi, HPP121A-INV-02), a power monitor that measures the power of incident and reflected waves, a stub tuner that matches impedance in the waveguide, and an applicator that the reaction tube penetrates vertically. Figure 3 is a schematic of the structure of the isothermal reactor we developed for this study, which is a double pipe heat exchanger. A heat-transfer medium with a low dielectric loss factor, which hardly absorbs any microwaves, flows outside a spiral reaction tube. The microwaves generated from the microwave generator in this structure were intended to be absorbed mainly by the reaction solution as the microwaves passed through the heat-transfer medium and the reaction tube, whose dielectric loss factors were low, and heat was exchanged between the reaction solution and the heat-transfer medium. We fabricated the reaction tube from quartz (ε' (permittivity): 2.9, ε'' (dielectric loss factor): 5.2×10 It is important in this reactor for microwaves to be absorbed efficiently by the reaction solution without being absorbed by the outer tube, the reaction tube, or the heat-transfer medium. Consequently, we used electromagnetic simulation to design the location and shape of the reaction tube and the shape of the applicator. Since the energy absorbed by the heated material is proportional to the square of the electric intensity of the area, it was necessary to locate the reaction tube in an area where electrical intensity was strong. We used MicroStripes TM (CST) as an electromagnetic simulator. In this device, incident waves from the microwave generator and reflected waves that are reflected at the short-circuit plane encounter interference and standing waves are formed in the waveguide. Accordingly, we designed the diameter of the coil and the position of the reaction tube, L 1 , and its length, L 2 , as shown in Fig. 3 for the reaction tube to be located in an area where the electrical field intensity was strong of the standing waves. Table 1 lists the dielectric properties used in the simulation. We calculated the conditions where the reaction tube was filled with water and heat-transfer medium was filled between the outer tube and reaction tube and discretized so that they were about 0.3 mm apart and the dielectric properties were constant. Figure 4 has the electric field intensity distribution calculated for the applicator we developed, which indicates that the reaction tube was located in the area where the electric field intensity was strong. About 95% of the microwaves from the microwave generator were absorbed by the water. We found in a previous investigation that the rate at which energy was absorbed by the heated material decreased as the inner diameter of the reaction tube decreased, e.g., the energy absorption rate was about 95% when a reaction tube with an inner diameter of 3.0 mm and an outer diameter of 5.0 mm was used, but it was about 30% when a reaction tube with an inner diameter of 1.6 mm and an outer diameter of 3.0 mm was used. Therefore, we made the inner diameter of the reaction tube 3.0 mm and its outer diameter 5.0 mm in this study. Applicator Aluminum -- 
Estimates of temperature controlling ability
Next, we estimated the temperature controlling ability of the reactor to optimize the conditions. Figure 5 has a schematic of the heat balance model of the reaction tube. As discussed in Subsection 3.1, this reactor had a double pipe structure in which the heat-transfer medium with a low dielectric loss factor flowed outside the reaction tube and heat was exchanged between the reaction solution and the heat-transfer medium. We used electromagnetic simulation and one-dimensional heat-transfer calculations to find the temperature controlling ability of the reactor. ( ) ( ) ( ) { }
It was assumed that reaction solution was irradiated by microwaves and controlled at 308 K for about 2 min. The increasing-temperature curve T(z) was calculated from Eq. (1) when the microwave output power from the microwave generator, Q all , was 26 W and the overall heat transfer coefficient, U, was changed between 0 to 1.00×10 3 W/(m 2 ·K). Table 2 lists the values used in the simulation. The Q(z), the microwave energy absorbed per mass of the internal fluid at z, was calculated by electromagnetic simulation. Figure 6 plots the Q(z) calculated with simulation. We found that the microwave energy absorbed by water was highest around the center in this reactor. The ∆T indicates the temperature controlling ability of the reactor. Therefore, ∆T was calculated when the overall heat transfer coefficient U was changed between 0 to 1.00×10 3 W/(m 2 ·K). Figure 8 plots the calculated results. The ∆T decreased, meaning that temperature controlling ability increased as the overall heat transfer coefficient, U, increased. 
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Investigation into conditions for increasing temperature control
Next, we theoretically investigated the conditions for increasing the overall heat transfer coefficient, U. The overall heat transfer coefficient, U, at the inner surface of the reaction tube is generally expressed by Eq. (2), where h 1 is the heat-transfer coefficient inside the tube, h 2 is the heat-transfer coefficient outside the tube, and λ 2 is the thermal conductivity of the tube. Here, r 1 is the internal radius of the tube and r 2 is the external radius of the tube, as shown in Fig. 5 
As seen in Eq. (2), the overall heat transfer coefficient, U, consists of three elements: the first term of the right side in Eq. (2) is the thermal resistance inside the tube, the second term is the thermal resistance of the tube, and the third term is the thermal resistance outside the tube. It is necessary to increase the overall heat transfer coefficient, U, by decreasing the value of right side in Eq. (2) to increase temperature control. We estimated the overall heat transfer coefficient when the inner and the external diameters were 3.00 and 5.00 mm, respectively.
The Nusselt number, Nu 1 , of fully developed laminar flow in a curved tube is suggested by Eq. (3), which was derived by Ishigaki (9) , where Nu 0 is the Nusselt number with a constant wall temperature gradient in a straight tube, Nu 0 = 3.657, K is the Dean number, and D c is the diameter of the curvature.
( ) On the other hand, the surface-averaged Nusselt number for a cylinder in a cross flow, Nu 2 , is suggested by Eq. (4), which was derived by Churchill and Bernstein (10) . 
As seen in Eq. (4), h 2 is dependent on the Reynolds number of the external fluid, Re 2 , viz., on the velocity of the external fluid which flows perpendicularly to the reaction tube, u 2 , when the inner and outer diameters are fixed.
Consequently, as shown in Eqs. (2)- (4), the overall heat transfer coefficient, U, depends on three parameters: the flow velocity of the internal fluid, u 1 , the thermal conductivity of the tube, λ 2 , and the flow velocity of the external fluid, u 2 , when the inner and outer diameters of the tube are fixed.
Figures 9, 10, and 11 plot the results for the overall heat transfer coefficient calculated from Eqs. (2), (3), and (4) when the velocity of the internal fluid, the thermal conductivity of the tube, and the velocity of the external fluid were changed. Table 3 summarizes the values used in the calculations. The overall heat transfer coefficient in Fig. 9 was constant in a range from 0 to about 5 mm/s when Nu 1 /Nu 0 was 1. This means that the influence of secondary flow is small because the velocity of the internal flow is small and the overall heat transfer coefficient is equal to that of a straight tube.
Figures 9, 10, and 11 indicate that the velocity of the external fluid had the greatest influence on the overall heat transfer coefficient, and the material for the tube had the least influence on the overall heat transfer coefficient. This suggests that increasing the velocity of the external fluid is the most effective way of increasing the temperature controlling ability of the reactor. 
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Experiment

Overall heat transfer coefficient of reaction tube
We experimentally investigated what influence the velocity of the internal fluid, the thermal conductivity of the tube, and the velocity of the external fluid had on the overall heat transfer coefficient. Figure 12 has a schematic of the experimental apparatus and Table  4 lists the experimental conditions. Microwaves were not generated in this experiment because its purpose was to investigate the heat-transfer property of the reaction tube itself. We used water as the internal fluid. We measured the temperature of the water at points (a)-(f) in Fig. 12 , using fiber-optic probes when the water at 308. Then, we calculated the overall heat transfer coefficient, U, from the measured temperatures using Eq. (5), which was equal to Eq. (1) when Q(z) was 0. For example, Fig.  13 plots the temperatures measured when the water at 308.2 K at inlet (a) flowed through the tube at 23.6 mm/s and the external fluid at 333.2 K flowed outside the reaction tube at 17.0 mm/s. Since C p1 , ρ 1 , r 1 , u 1 , and T 0 were known, the overall heat transfer coefficient, U, was determined with the least-squares method by fitting U in Eq. (5) to the temperature data. In this case, U was 3.3×10 2 W/(m 2 ·K). All the overall heat transfer coefficients were calculated with this method. Figure 14 plots the results obtained from measurements and calculations of the overall heat transfer coefficient from the measured temperatures when the velocity of the internal fluid was changed. In this reactor, we assumed reaction in which residence time was longer than about 40s, which was equal to 23.6 mm/s of u 1 . Accordingly, we conducted the experiments with changing the velocity of the internal fluid u 1 between 0 and 23.6 mm/s. The triangles plot the measurements and the solid line indicates the overall heat transfer coefficient calculated from Eqs. (2), (3), and (4). Figure 14 indicates that the overall heat transfer coefficient increased as the flow velocity of the internal fluid increased, and the calculated results were within 30% of the measured results. However, the flow velocity of the internal fluid should actually be determined by having an adequate residence time for a chemical reaction, e.g., a long tube is necessary to increase the internal flow velocity because this internal flow velocity in a long tube is faster than that in a short tube when the residence times are the same. Other devices, such as a prolonged reaction tube, are necessary for increasing the overall heat transfer coefficient by increasing u 1 separately. Figure 15 plots the measured and calculated results for the overall heat transfer coefficient when the thermal conductivity of the reaction tube was changed. We used quartz, alumina, and aluminum nitride as the materials for the tube. The thermal conductivity, in order, was 1.3, 25, and 1.7×10 2 W/(m·K). Since it was difficult to fabricate a spiral reaction tube from alumina and aluminum nitride, we did an experiment using straight tubes with 3.0-mm inner diameters and 5.0-mm outer diameters. The triangles plot the measurements for the straight tube and the solid line indicates the overall heat transfer coefficient for a spiral tube calculated from Eqs. (2)- (4) for reference. The overall heat transfer coefficients were, respectively, 2.8×10 2 , 3.1×10 2 , and 3.1×10 2 W/(m 2 ·K) when we used quartz, alumina, and aluminum nitride as the tube materials, and U was improved by about 11% from quartz to alumina. However, the U of the aluminum nitride was only slightly different from that of alumina. These results indicate that the influence of the tube material on the overall heat transfer coefficient was small under the experimental conditions. Figure 16 plots the measured and calculated results for the overall heat transfer coefficient when the flow velocity of the external fluid was changed. The triangles plot the measurements and the solid line indicates the overall heat transfer coefficient calculated from Eqs. (2)- (4). The overall heat transfer coefficient increased as the flow velocity of the external fluid increased, and U was 3.9×10 2 W/(m 2 ·K) when the velocity of the external fluid was 44 mm/s. In addition, the calculated results were within 31% of the measured results.
Equations (3) and (4) express the average Nusselt number at one part of a curved tube. However, this reaction tube actually formed a complex straight section and curved section. In addition, the heat-transfer medium may not have flowed uniformly. These may have caused the difference between the measured and calculated results for the overall heat transfer coefficients.
We found from these experiments that the influence of the external fluid was greatest and that of the tube material was least on the overall heat transfer coefficient in this reactor, as established from the calculations presented in Subsection 3.3. 
Validation of temperature control through experiments
The experiment described in Subsection 4.1 revealed that the overall heat transfer coefficient was about 3.9×10 2 W/(m 2 ·K) when water flowed through the quartz spiral reaction tube at 7.1 mm/s and the external fluid flowed outside the tube at 44 mm/s. Under these conditions, we investigated the temperature controlling ability of the reactor when it was irradiated with microwaves.
We measured the temperature of the water at points (a)-(f) in Fig. 12 with fiber-optic probes when the water at 308.2 K at inlet (a) flowed through the quartz tube at 7.1 mm/s, and the external fluid at 308.2 K flowed outside the reaction tube at 44 mm/s. Microwaves were irradiated at 26 W and 57 W, respectively. For comparison, we also conducted experiments without external fluid flowing outside the tube, in other words, with natural convection in air. Figure 17 plots the results obtained from the measurements. When the heat-transfer medium flowed outside the reaction tube, the temperature of the water was controlled to within ±1.5 K at 309.3 K when the microwaves at 26 W were irradiated and within ±4.6 K at 313.2 K when the microwaves at 57 W were irradiated. However, the temperature of the water was over 373 K between (c) and (d) and boiled without the heat-transfer medium when the microwaves at 26 W were irradiated. This indicated that the temperature controlling ability of the reactor under constant microwave irradiation was improved significantly compared to temperature control using the conventional method of microwave heating. This ability is sufficient for investigating effects that are specific to microwaves. 
Investigation of microwave effects on Suzuki-Miyaura coupling reaction
Decreases in reaction times and the obtaining of good yield have been reported by using microwaves in Suzuki-Miyaura coupling reaction (11) - (13) . We investigated whether specific microwave effects existed in the homogeneous reaction that were not observed in the conventional heating method using the developed isothermal reactor. Equation (6) (6) Figure 18 shows the schematic of experiment apparatus. Two reaction solutions were preheated at 353 K in an oil-bath and mixed using a T-shaped mixer 1.25 mm in diameter. The mixed reaction solution flowed into the developed isothermal reactor, and microwave power and the temperature of the heat-transfer medium were controlled to keep the reaction solution at about 353 K. As shown in Fig. 19 , we conducted experiments in which microwave power was changed to 14 W and 61 W to investigate the effect of microwave power, and we controlled the temperature of the heat-transfer medium at 346 K and 313 K, respectively to keep the temperature of the reaction solution at about 353 K. On the other hand, in the oil-bath heating experiment, we controlled the temperature of the heat-transfer medium to keep the reaction solution at about 353 K without irradiating microwaves. We measured the temperature of the reaction solution at points (i)-(viii) in Fig. 19 using fiber-optic probes. The residence time between (i) and (viii) was about 240 s. In comparison, we also investigated the temperature rise curve without the heat-transfer medium flowing outside the reaction tube when the reaction solution was heated by microwaves at 14 W from room temperature. Figure 20 shows the temperature profile. The temperatures obtained by microwave heating and oil-bath heating were controlled well within ±2.4 K between (i) and (v), but the difference in the temperature at (vi) was ±9.6 K. When the microwave energy absorbed by the reaction solution and the transfer energy from the reaction solution to the heat transfer medium were the same, the temperature of the reaction solution had to be kept constant. However, the transfer energy from the reaction solution to the heat transfer medium was more than the microwave energy absorbed by the reaction solution at (vi), so the temperature at (vi) differed greatly. On the other hand, the temperature increased from room temperature (300 K) to 368 without the heat-transfer medium when microwaves at 14 W were irradiated. Figure 21 shows the result of yields. The yields obtained by microwaves were almost the same as that obtained by oil-bath heating. In addition, no difference in the yields was found when microwave power was changed. In this experiment, we did not find any evidence of non-thermal effects of microwaves. 
Conclusions
We developed an isothermal reactor that could control reaction solutions at constant temperature under constant microwave irradiation. This was useful for investigating microwave effects, especially the existence of non-thermal microwave effects. We devised a structure in which a heat-transfer medium with a low dielectric loss factor flowed outside the spiral reaction tube, and we designed the basic structure of the reactor using electromagnetic simulation to optimize the energy absorption rate.
We also investigated the conditions necessary to increase the temperature controlling ability of the reactor theoretically and experimentally by taking into account the influences of three elements: the velocity of the internal fluid, the material for the tube, and the velocity of the external fluid. The velocity of the internal and the external fluid had the large influence on controlling the temperature and the material for the tube had the least influence under the experimental conditions. However, since the flow velocity of the internal fluid should actually be determined by having an adequate residence time for a chemical reaction, other devices, such as a prolonged reaction tube, are necessary for increasing the overall heat transfer coefficient by increasing the velocity of the internal fluid separately. Accordingly, we tried to increase the overall heat transfer coefficient by increasing the velocity of the external fluid in this study.
The overall heat transfer coefficient was about 3.9×10 2 W/(m 2 ·K) when water flowed through the quartz reaction tube at 7.1 mm/s and the external fluid flowed outside the tube at 44 mm/s. We also controlled the temperature of the water acting as the internal fluid within ±1.5 K at 309.3 K when the microwaves at 26 W were irradiated into the reactor, whereas the temperature of the water was over 373 K and boiled without the heat-transfer medium flowing in the conventional method of microwave heating.
In addition, we investigated microwave effects on Suzuki-Miyaura coupling reaction using the developed isothermal reactor and we confirmed that the temperatures were controlled well in the reactor. The yields obtained by microwave heating were almost the same as that obtained by oil-bath heating. We did not find any effects of microwaves in the homogeneous Suzuki-Miyaura coupling reaction experiment.
